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The morphogenesis of the microspore wall in Selaginella tamariscina was ex¬ 
amined using transmission electron microscopy. The sporoderm of S. tamariscina 
consists of three layers: the endospore, exospore, and perispore. The endospore is 
the thick, innermost layer, which has a low electron density. The exospore consists 
of three distinct sub-layers. The innermost sub-layer consists of several sheets of 
tripartite lamellae (lamellar layer). It is located on the proximal face of the mi¬ 
crospore. The middle sub-layer is a uniformly thick, homogeneous layer (inner ho¬ 
mogeneous layer). The outermost sub-layer is even thicker, conspicuously sculptured, 
and also consists of homogeneous material (outer homogeneous layer). The layers 
of the exospore begin to form just after meiosis in that order. The endospore forms 
at the same time as the outer homogeneous layer. Finally, the perispore is deposited 
on the exospore. The perispore is an electron-opaque layer that is tightly attached 
to the surface of the exospore. The endospore and the exospore lamellar layer ap¬ 
pear to be derived from the cytoplasm of the microspore, while the inner and outer 
homogeneous layers of the exospore and the perispore are derived from the tapetum. 
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Introduction 

Pettitt (1966) reported the first transmis¬ 
sion electron microscopy description of the 
morphology of the microspore of Se¬ 
laginella. He described a homogeneous or 
faintly fibrous exine, without a lamellar 
layer, in the acetolysed microspore wall of 
S. pulcherrima. Gullvag (1971) observed 
the lamellate layer in the exine of S. 
selaginoides. He considered that the exine 
of this species was derived from tapetal 
cells. Robert (1971a, 1971b, 1971c) de¬ 
scribed the morphogenesis of microspore 
walls of S. kraussiana and S. selaginoides. 
He observed two distinct layers (feuillet 


externe and feuillet interne) in the mi¬ 
crospore of S. selaginoides (Robert 1971b, 
1971c). Lugardon (1972) reported the mor¬ 
phology of mature microspore walls of S. 
denticulata and S. selaginoides. The stratifi¬ 
cation of the microspore walls in these two 
species is different. The microspore wall of 
S. denticulata has a perispore, a homoge¬ 
neous outer exospore, and a lamellated inner 
exospore, while that of S. selaginoides has 
a para-exospore and a two-layered exospore. 
The para-exospore is equivalent to the 
feuillet externe of Robert (1971b). Try on and 
Lugardon (1978) reported the morphology of 
microspores and megaspores of S. galeottii 
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and S. martensii. Microspores of these spe¬ 
cies have a perispore, a two-layered ex¬ 
ospore, and an endospore. Lugardon (1978) 
also described the characteristics of three 
species of Selaginella ( S . denticulata, S 
selaginoides, and S. kraussiana). He re¬ 
ported that the exospore of Selaginella con¬ 
sists of two distinct sub-layers: an outer 
astructured layer and an inner lamellated 
layer. 

The composition of the microspore wall 
and its structure and stratification are differ¬ 
ent in each species of Selaginella that has 
been described. The purpose of this study 
was to examine the structure, development, 
and origin of the microspore wall of S. 
tamariscina, to compare these characters 
with those of other species of Selaginella , 
and to discuss the diversity of these charac¬ 
ters. 

Materials and Methods 

Microsporangia of Selaginella tamaris¬ 
cina (Beauv.) Spring were collected at vari¬ 
ous developmental stages. They were fixed 
for 24 hr in 2 % paraformaldehyde - 2.5 % 
glutaraldehyde in 0.1 M cacodylate buffer, 
pH 7.4, at 4°C (cf., Karnovsky 1965). After 
washing in the same buffer, they were 
postfixed in buffered 1 % osmium tetroxide 
for 2 hr. Subsequently, they were dehydrated 
through an ethanol series (30, 50, 70, 80, 90, 
95, 100 %) and then in propylene oxide. 
Then, they were embedded in Spurr’s epoxy 
resin (Spurr 1969). Sections were cut on a 
Reichert Ultracut-E ultramicrotome and 
stained with conventional uranyl acetate and 
lead citrate. Sections were examined under 
a JEOL JEM-100CX electron microscope at 
80 kV. 

Results 

Tetrad stage 

The first sporoderm formed is the ex¬ 
ospore. It consists of three distinct sub-lay¬ 
ers, the lamellar layer, and the inner and 


outer homogeneous layers. 

After meiotic division, the spherical mi¬ 
crospore mother cells divide to form the tet¬ 
rahedral tetrad (Fig. 1). Each tetrad is en¬ 
closed by a low-electron-dense layer called 
the sporocyte coat (Pettitt and Jermy 1974). 
No sporoderm is yet formed on the mi¬ 
crospore surface at this stage. A one-cell- 
thick secretory tapetum attaches to the inner 
surface of the sporangial wall cells (Fig. 2). 

At the next stage, the projection of the 
initial aperture has appeared on the proximal 
face of each microspore (Fig. 3, arrow¬ 
heads). The initial sporoderm begins to form 
on the surface of the microspore at this 
stage. Two to four sheets of tripartite lamel¬ 
lae are formed on the microspore plasma 
membrane on the proximal face (Fig. 4, ar¬ 
rowheads). This is the first stage of forma¬ 
tion of the exospore lamellar layer. The ini¬ 
tial aperture also consists of perpendicularly 
arranged tripartite lamellae (Fig. 5, arrow¬ 
heads). These tripartite lamellae are located 
on the proximal, but not on the distal, sur¬ 
face of the microspore plasma membrane 
(Fig. 6). 

Next, a new sporoderm sub-layer is de¬ 
posited on the microspore surface. This sub¬ 
layer is the inner homogeneous layer of the 
exospore (Fig. 7). It is 0.3-0.5 pm thick and 
consists of homogeneous material. On the 
proximal face, this layer is deposited on the 
lamellar layer (Fig. 8). Five to seven sheets 
of lamellae (exospore lamellar layer) can be 
observed under the inner homogeneous layer 
at this time (Fig. 8, arrowheads). The lamel¬ 
lar layer is observed on the proximal sur¬ 
face, but not on the distal face. Only the 
inner homogeneous layer is seen on the dis¬ 
tal face at this stage (Fig. 9). Fibrillar ma¬ 
terial fills the space between the plasma 
membrane of the microspore and the devel¬ 
oping exospore (Fig. 7, asterisk). The tapetal 
cytoplasm is active, and endoplasmic reticu¬ 
lum and dictyosomes are conspicuously de¬ 
veloped. Electron-dense materials are ob- 






served on the surface of the tapetum (Fig 
10, arrowheads). 


layer begins to be deposited on the surface 
of the inner homogeneous layer (Figs. 11, 
12). The outer homogeneous layer is more 
electron dense than the inner one (Figs. 11, 
12). By now, the lamellar layer of the proxi- 


Free-spore stage 

An electron-dense outer homogeneous 
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Figs. 8-11. Formation of the inner and outer homogeneous layers of the exospore. Fig. 8. High-magnifica- 
tion micrograph of the proximal face at the same stage as in Fig. 7. Several sheets of lamellae are seen 
under the developing inner homogeneous layer (arrowheads). Fig. 9. The inner homogeneous layer of the 
exospore is also deposited on the distal face as a discrete mass. Fig. 10. The tapetum in the exospore for¬ 
mation stage. Electron opaque material is observed on the surface of the tapetal cells (arrowheads). Fig. 
11. Early free-spore stage. The outer homogeneous layer of the exospore is deposited on the inner homo¬ 
geneous layer. 

Figs. 1-7. Formation of the lamellar and inner homogeneous layers of the exospore. Fig. 1. Tetrad just after 
meiosis. An electron-lucent sporocyte coat encloses the microspores of the tetrad. Fig. 2. A one-cell-thick 
secretory tapetum is attached to the sporangial wall cells. Fig. 3. Formation of the exospore lamellar layer. 
Projections of the initial aperture appear on the proximal face of the tetrad (arrowheads). Fig. 4. Some 
sheets of tripartite lamellae are deposited on the proximal face of the plasma membrane (arrowheads). Fig. 
5. The initial aperture also consists of tripartite lamellae (arrowheads). Fig. 6. There are no tripartite lamel¬ 
lae on the plasma membrane of the distal face. Fig. 7. Formation of the exospore inner homogeneous layer. 
Homogeneous material of moderate electron density is deposited on the proximal surface. A space that 
contains loose fibrous material is seen between the microspore plasma membrane and the developing 
exospore (asterisk). Figure Abbreviations: AP, aperture; CW, cell wall; EN; endospore; IH, Inner homo¬ 
geneous layer; L, Lamellar layer; N, nucleus; O, orbicule; OH, Outer homogeneous layer; PE, perispore; 
PM, plasma membrane; SC, sporocyte coat; SP, microspore; SW, sporangium wall cell; T, tapetum. 
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mal face is almost indistinct (Fig. 13). The 
outer homogeneous layer of the distal face 
is thicker than that of the proximal face (Fig. 
12). The cytoplasm of the microspore is 
vacuolated and its volume has increased. 
Some radial canals appear in the exospore 
(Fig. 12, arrowheads), and some orbicules, 
in the microsporangium (Fig. 13, arrow¬ 
heads). The electron density of the orbicules 
is similar to that of the exospores outer ho¬ 
mogeneous layer. The endospore is now 
evident under the exospore (Fig. 13). 

The radial canals become more conspicu¬ 
ous in the exospore (Fig. 14, arrowheads), 
and the initial perispore, fibrous in nature, 
appears on the sculptured exospore (Fig. 
14). The endospore is thin and still under¬ 
developed on the distal face. The tapetum 
has completely degenerated, and only the 
tapetal cell walls remain (Fig. 15). 

The electron density of the perispore in¬ 
creases at its completion. The endospore 
thickens and is then complete (Fig. 16). The 
electron density of the completed outer ho¬ 
mogeneous layer decreases, but it remains 
higher than that of the inner homogeneous 
layer (Fig. 16). The electron density of the 
orbicules decreases, as in the exospore outer 
homogeneous layer (Fig. 17). A perispore- 
like structure is also deposited on the 
orbicules (Fig. 17, arrowheads). After 
completion of the exospore, the outer homo¬ 
geneous layer becomes fully sculptured. 


Discussion 

The process of sporoderm formation in S. 
tamariscina is summarized in Fig. 18. In 
this study, the exospore of S. tamariscina 
was found to consist of 3 distinct sub-lay¬ 
ers: the lamellar layer, and the inner and 
outer homogeneous layers. The lamellar 
layer consists of several sheets of tripartite 
lamellae. The lamellated sub-layer of ex¬ 
ospore is widely observed in the exospores 
of pteridophytes (Uehara and Kurita 1989b, 
1991, Uehara et al. 1991, Tryon and 
Lugardon 1991). It is similar to the endex- 
ine lamellae of Gymnosperm and An- 
giosperm pollen (Rowley 1995). These tri¬ 
partite lamellae form centripetally and are 
considered to be of gametophytic spore ori¬ 
gin (Uehara and Kurita 1986, 1989b, 1991; 
Uehara et al. 1991; Tryon and Lugardon 
1991). Although the inner and outer homo¬ 
geneous layers of the exospore and the 
perispore are deposited centrifugally, they 
are derived from the tapetum (Fig. 18). The 
electron-dense perispore of S. tamariscina is 
similar to the perispores generally observed 
in other groups of pteridophytes, such as in 
the Filiceae (Lugardon 1971, 1978) and 
Isoetes (Uehara et al 1991). 

The exospores of Selaginella that have 
already been described are generally recog¬ 
nized as having distinct inner and outer sub¬ 
layers. The inner layer consists of imbricate 
lamellae and is not very electron dense. It is 
tangentially divided into several elements 


Figs. 12-17. Formation of the exospore outer homogeneous layer, endospore, and perispore. Fig. 12. The outer 
homogeneous layer of the exospore is also deposited on the distal face. The electron density of the outer 
homogeneous layer is higher than that of the inner one. Some radial canals are observed in the outer ho¬ 
mogeneous layer (arrowheads). Fig. 13. Orbicules appear around the developing microspore, and the en¬ 
dospore appears under the exospore. Fig. 14. Formation of the perispore. The thick, sculptured, outer ho¬ 
mogeneous layer has been completed. Conspicuous radial canals have appeared in the exospore (arrow¬ 
heads). An initial fibrous perispore appears on the exospore. The endospore is still underdeveloped on the 
distal face. Fig. 15. The tapetum has degenerated and only tapetal cell walls remain. Fig. 16. Completed 
sporoderm. The electron density of the exospores outer homogeneous layer decreases. The endospore and 
electron-opaque perispore have thickened and are now complete. Fig. 17. Overview of the mature microspo¬ 
rangium. A peri spore-like structure is deposited on the surface of the orbicules (arrowheads). 
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designated as the fine laminated zone (Tryon 
and Lugardon 1991) in S. selaginoides, S. 
denticulata and S. martensii (Lugardon 
1978; Tryon and Lugardon 1978). This zone 
appears on both sides of the aperture. The 
outer layer consists of amorphous sporopol- 


lenin (Tryon and Lugardon 1991). The outer 
homogeneous layer of S. tamariscina is 
equivalent to the outer layer of other Se- 
laginella exospores. The inner homogeneous 
and lamellar layers become indistinct during 
their development and appear to be a single 
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layer at maturity. The combined lamellar 
and inner homogeneous layers of S. 
tamariscina are equivalent to the inner layer 
of other Selaginella exospores. In the inner 
layer of other Selaginella, the lamellae may 
mingle with the homogeneous material. 
Tryon and Lugardon (1978) described how 
the inner layer appeared homogeneous with 
granules on its distal face and showed 
lamellae at the apertural ridge in S. 
martensii. In S. tamariscina, the lamellar 
and inner homogeneous layers apparently 


form independently. The exospore stratifica¬ 
tion of S. tamariscina is thus fundamentally 
equivalent to that of other species of Se¬ 
laginella. 

In other groups of pteridophytes, the ex¬ 
ospore mainly consists of two sub-layers, an 
inner lamellated layer and an outer homoge¬ 
neous layer (Lugardon 1971, 1976, 1979; 
Uehara and Kurita 1986, 1989b; Uehara et 
al. 1991). The spores of Equisetum (entirely 
homogeneous) and Lycopodium (entirely 
lamellar) are exceptions (Uehara and Kurita 



Fig. 18. Formation of the sporoderm in Selaginella tamariscina. A. Just after meiosis, no sporoderm has yet 
formed on the microspore plasma membrane. B. Formation of the exospore lamellar layer. Several sheets 
of tripartite lamellae appear on the proximal face of the microspore plasma membrane. C. Formation of 
the exospore inner homogeneous layer. Uniformly thick homogeneous material is deposited all over the 
microspore’s surface. D. Formation of the exospore outer homogeneous layer. Electron-dense homogeneous 
material is deposited on the inner homogeneous layer. E. The outer homogeneous layer of the exospore 
has thickened and become sculptured. The initial endospore appears beneath the proximal face of the 
exospore. F. Formation of the perispore. The initial fibrous perispore has been deposited on the exospore. 
G. Completed sporoderm. The endospore has thickened. The perispore becomes a condensed, electron- 
opaque layer. 











December 1999 


Journal of Japanese Botany Vol. 74 No. 6 


351 


1989a, 1991). The author considers that the 
exospore of Selaginella, consisting of the 
inner lamellae and outer homogeneous ma¬ 
terial, is homologous to the exospore of the 
pteridophytes. 

The exospore of other Lycopsida, Lycopo¬ 
dium and Isoetes, consists mainly of lamel¬ 
lae. Some Selaginella microspores ( S . 
selaginoides, S. denticulata and S. 
martensii ) also have a lamella-rich exospore. 
In particular, the microspore of S. 
selaginoides has a para-exospore, which 
consists of lamellar and homogeneous ma¬ 
terials similar to the Isoetes microspore. On 
the other hand, the exospores of S. 
kraussiana, S. galeottii and S. tamariscina 
consist of mostly homogeneous material and 
have few lamellae. The diversity of the ex¬ 
ospores of Selaginella species is based on 
the number of lamellae, and the presence or 
absence of the fine laminated zone and para- 
exospore. There is a complementary rela¬ 
tionship between the number of lamellae 
and the amount of homogeneous material. 

Variation in the number of lamellar lay¬ 
ers occurs in the exospores of ferns. Primi¬ 
tive eusporangiate ferns have many lamel¬ 
lae; whereas advanced leptosporangiate 
ferns tend to have fewer (Lugardon 1971). 
The number of lamellae varies from 10 to 
12 in less-derived genera such as 
Ophioglossum , to a single lamella in the 
spores of derived ferns like Blechnum 
(Tryon and Lugardon 1991). The author 
believes that the lamella-rich exospore of 
Lycopodium, Isoetes, and some of the Se¬ 
laginella species is a primitive type, while 
an exospore with few lamellae, such as 
those of S. tamariscina, is a derived charac¬ 
ter. In other groups of pteridophytes, varia¬ 
tion in exospore stratification occurs at the 
family or order level, and is stable at the 
genus or species level. However, the ex¬ 
ospore stratification is diverse within the 
genus Selaginella. 
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